After we constructed the 200-meter superconducting DC power cable in spring of 2010, three experiments have been done until March, 2011. We changed and improved the experimental devices, especially to reduce the heat leak. We describe the experimental results and the data analysis for the pressure drop of liquid nitrogen circulation. We summarized the experimental results briefly, and estimate the pressure drop of the circulation for a longer cable system (~2km) depending on the experimental conditions. We also mentioned the performance of the system as compared with the copper cable.
Introduction
We started the DC superconducting power transmission experiment from the beginning of 2000 in Chubu University (CU), and the major subject was to develop a low heat leak terminal at that time. We developed the Peltier current lead [1, 2, 3] . We completed the first experimental device (CASER-1) in 2006. This is a 20-meter DC cable test facility, and the material of the HTS is Bi-2223. Several ideas were tested, the reduction of the heat leaks at the terminal, the cryogenic pipe, the pressure drop of the circulation and so on [4, 5, 6, 7] . The system was cooled down and warmed up six times until 2011, and no degradation of the DC cable was appeared in the system. We started to design and construct the 200-meter cable experiment from 2008, and it is called CASER-2. The construction was started in the 2009, and completed in January 2010, and we performed the experiment four times until now. The major subjects of the experiments are as below, 1) Safety cable system for thermal contraction and expansion, 2) Low heat leak at the terminal and the cryogenic pipe (achieve high vacuum degree without baking), 3) Low pressure drop of the coolant circulation, 4) Energy storage function using ferromagnetic materials, 5) No limitation of natural resources such as nickel and low cost of the system, 6) Data obtainment for scale law of longer cable system. Our goal is to complete a longer cable until 20 km, therefore we focus to study the scale law of the longer cable system. We also mention the comparison between CV cable is described in the paper.
System Parameters of the Experiment
The parameters of the experimental device are summarized in Table 1 . We performed three experiments until now (September 2011). We improved and change the system to achieve high performance continuously, such as vacuum system, the coolant circulation system, measurement system and the technique of the operation.
We cannot use the baking for the cryogenic pipe, but we need high vacuum pressure of 10 -4 Pa to achieve high thermal insulation. The pumping time is also an important issue for the long cable system, therefore the vacuum technique is one of the first priority. We pay attention about the strain of the HTS tapes of the cable because of avoiding the reduction of the critical current of the HTS tape [8, 9, 10] . The thermal contraction of the cable is estimated to be 60 cm for the 200-meter cable. In order to reduce the strain of the cable, we adopt the movable cryostats [11] . TV camera is set to monitor the cable end. The operation temperature was varied by from 72K to 82K, depending on the experimental conditions.
The PCL is used to reduce the heat leak from the terminal. The reduction of the heat leak is crucial for a short distance application. In order to reduce the pressure drop of the coolant circulation, we mainly use the straight pipe for the cryogenic pipe. It is also effective to reduce the cost and heat leak, too. Upper and lower tanks are equipped to control low pressure and flow rate. Figure 1 shows the experimental data of the flow rate and the temperature rise between the inlet and the outlet temperatures of the liquid nitrogen. The design value of the flow rate is ~10 L/min, and the heat load of the cryogenic pipe is less than 2 W/m. We can change the flow rate completely by the pump and the valve controls. We also may control the heat leak of the cryogenic pipe by the vacuum pressure and the heater attached inside the cryogenic pipe. When the vacuum pressure is low, the heat leak is low. Since the temperature rise varied inversely with the flow rate, the inverse functions are plotted by the least-square fitting method in Fig. 1 .
Scale Law of Coolant Circulation
We improved the thermal insulation of the cryogenic pipe after completion of the facility. The experiments were done in summer and winter, and we can conclude that the heat leaks depend on the air temperatures since the cryogenic pipe is located outside of the laboratory. Figure 2 shows the experimental data of the flow rate and the pressure drop. The experimental data are plotted with the error bars, and a fitting curve and the design curve are shown. Error bars are calculated by the time average of 10 min. The design curve is based on the calculation of a semi-empirical formula of fluid dynamics. Since the elevation along the pipeline is about 3 meter, we should consider the siphon effect of the circulation [12, 13] . This effect is positive for the reduction of the circulation power. Therefore, the design calculation values are higher than the experimental data, which is apparently at low rate. The fitting curve is shown in the figure, and the power factor of the curve is about 2.34. On the other hand, the power factor of the model calculation is 1.87 if the siphon effect is not included.
The semi-empirical formula of fluid dynamics is important to estimate the pressure drop for a longer system, and we try to establish a scale law of the circulation. The pressure drop ΔP is proportional to the length, the friction factor and the square of the flow rate, and given by
and finally we obtain the pressure drop for the fixed temperature difference as
where L is the length of the pipeline, and the power factor α depends on the surface conditions of the pipe and the cable, and the Reynolds number [14] . Therefore, all the coefficient of the scale law should be fixed by the experiment . The pressure drop depends on the heat leak, and it is given by
where q is heat leak for unit length along the pipeline. The experimental data of the pressure drop and the heat leak is shown in Figure 3 . The heat leaks of the cryogenic pipe were changed by the vacuum pressure of the cryogenic pipe and the heaters on the cryogenic pipe. The fitting curve is also shown in Fig. 3 , and the power factor of the curve is ~1.8. The result of the fitting is almost consistent with Eq. (3). Table 2 shows the results of the scale law for 2 km cable system from the experimental data for α = 2. Since the output pressure of the present liquid nitrogen (LN2) pump is around 0.1 MPa, we must develop a new pump for the case of the temperature rise of 1.5K and 2 km system. But if we allow the temperature rise of 6K, the pressure drop is 93.8 kPa, and the flow rate is 25 L/min. These parameters can be realized by the present LN2 pump. If the heat leak is half, the flow rate can be half and the pressure drop is 23.4 kPa.
Present Performance and Radiation Shield for Heat Leak Reduction
The present heat leak of the cryogenic pipe is 1 W/m to 1.5 W/m depending on the experimental conditions. If the COP of the refrigerator is 0.1, the loss is 10 W/m to 15 W/m for 2 kA at 78 K. On the other hand, the copper cable loss is 6.5 W/m for the cable cross-section of 325 mm 2 , where the current density of 1 A/mm 2 and the resistivity of 2.0x10 -8 Ωm. It is correspond to the temperature of the cable conductor is about 80 degree Celsius. We need 12.3 cables for the same current density, and the loss of the copper cable is 6.5x12.3 = 80 W/m. Finally, the loss ratio of the copper cable and the superconducting cable is 80/15~80/10 = 5.3~8.0 times in the present time.
If we can reduce the heat leak much more, the cost performance will be improved. One of ways to reduce the effective heat leak is to use the radiation shield [15] . A large accelerator transmission line uses the radiation shield, and it is a good way to reduce the effective heat leak. The simple structure of the cross-section is shown in Fig. 4 . The heat leak to the radiation shield is calculated to be 1.5 W/m to 2.1 W/m, and it to the inner pipe is also 0.098 W/m by using the experimental data. And if the COPs of the refrigerators at 180K and 77K are 0.45 and 0.1 respectively, the power consumption is 4.2 W/m to 5.6 W/m. Finally, the loss of the copper cable is 10 to 16 times higher than that of superconducting cable.
Discussion and Future Perspective
The final goal of the study must overcome the copper cable, and in order to realize a long transmission line, the heat leak of the cryogenic pipe is the most important issue. If we can reduce the heat leak, we can achieve the reduction of the pressure drop and the easy operation of the system. High vacuum degree is necessary to reduce the heat leak, but we cannot use the baking. The vacuum degree of the order of 10 -4 Pa is enough to reach the low heat leak. Fortunately, we can achieve its vacuum degree now. We should also pay attention to keep high vacuum without the pump. And the getter material is necessary to absorb the residual gases in the cryogenic pipe. From the start of the experiment in 2005, Chubu University, the cable (HTS tape) cost is dropped to be almost 1/20 until now. Therefore, I believe that we should pay attention to reduce the system cost to overcome the copper cable now.
The analysis of the fluid dynamics shows that we can construct the 2 km cable system by using the present cryogenic instruments. However, we cannot apply the present instrument for a 20 km cable system because of the pressure drop. We change the design, and use a larger diameter pipe. But the heat leak will be increased for a larger pipe, thereby increasing pressure drop. Because of these considerations, we should continue to reduce the heat leak of the cryogenic pipe and the friction factor of the pipe and cable surfaces. The 20 km cable system is our final goal to realize the global grid for us.
Another approach to realize the DC superconducting power transmission and distribution line is to apply a short cable system. We must consider to reduce the heat leak at the terminal, and we developed the Peltier Current Lead (PCL) as a low heat leak current lead. We tried various kinds of PCL's [16] . If the heat leak of the terminal is low, we can apply various kinds of the superconducting systems such as magnets, transformers, motors and so on.
